Recent research has led to increased concern about the potential adverse human health impacts of carbon nanotubes, and further work is needed to better characterize those risks and develop risk management strategies. One of the most important determinants of the chronic pathogenic potential of a respirable fiber is its biological durability, which affects the long-term dose retained in the lungs, or biopersistence. The present article characterizes the biodurability of single-walled carbon nanotubes using an in vitro assay simulating the phagolysosome. Biodurability is observed to depend on the chemistry of nanotube surface functionalization. Single-walled nanotubes with carboxylated surfaces are unique in their ability to undergo 90-day degradation in a phagolysosomal simulant leading to length reduction and accumulation of ultrafine solid carbonaceous debris. Unmodified, ozone-treated, and aryl-sulfonated tubes do not degrade under these conditions. We attribute the difference to the unique chemistry of acid carboxylation, which not only introduces COOH surface groups, but also causes collateral damage to the tubular graphenic backbone in the form of neighboring active sites that provide points of attack for further oxidative degradation. These results suggest the strategic use of surface carboxylation in nanotube applications where biodegradation may improve safety or add function.
Introduction
A major concern in the emerging field of nanotechnology is the analogy between asbestos fibers and carbon nanotubes with respect to their diameter, aspect ratio, high surface area, and biopersistence [1, 2] . Rodent toxicology assays have demonstrated the potential for carbon nanotubes to induce inflammation [3] , fibrosis [4] , and malignant mesothelioma [5] similar to asbestos fibers [6] . Inhalation is a likely route for human exposure to aerosolized engineered nanomaterials in the workplace [7] [8] [9] raising significant concerns about safety in the nanotechnology industry [10] .
Chronic rodent inhalation assays using asbestos and man-made mineral fibers have correlated fiber length and biopersistence with induction of inflammation, fibrosis, lung cancer, and malignant mesothelioma [11] . Macrophages are the initial target cell for particulates inhaled into the lungs; particulates and microbes are rapidly engulfed by phagocytosis and cleared up the mucociliary escalator or via lymphatics to regional lymph nodes [12] . Following phagocytosis, the phagosome fuses with lysosomes within the cell to form an acidic, membrane-bound phagolysosome [13] . Macrophages also generate oxidants including superoxide anion, hydrogen peroxide, and hydroxyl radical that contribute to microbial killing in the phagolysosome [14] . Biopersistence is defined as the dose of particulates retained in the lungs following deposition and clearance by macrophages and chemical degradation [12] . Macrophage-mediated clearance is related to deposited dose and fiber dimensions [15] and for mineral fibers, chemical dissolution in the lungs is determined by crystallinity, chemical composition, and surface area [16] . Biopersistence is assessed by retention kinetics following short-term intratracheal instillation or inhalation of particulates by rodents [11] .
A fundamental material property that influences biopersistence is "biodurability" --the longterm chemical stability in biological compartments. Dissolution and/or degradation alters the biological distribution and fate of foreign materials in the body [17] , and for mineral fibers this biodurability is commonly assessed by measuring dissolution rates in macrophage cultures [18] or in cell-free chemical assays [19] .
For carbon nanotubes, there is little information on their biodurability, though they belong to the family of graphenic carbon materials (defined as those composed primarily of carbon in sp 2 -hybridized bonding states, or, equivalently, those formed from sets of flat, curved, or distorted graphene layers), which are generally quite stable in environmental and biological media. The approach used for mineral fibers measuring initial rates of dissolution is not well suited to graphenic carbon materials, because they do not dissolve at measurable rates in typical physiological aqueous phases. Although graphenic carbon does not dissolve, it can in principle be oxidized, and several recent studies have examined SWCNT persistence/degradation in mild oxidative environments. Liu et al. [20] report that SWCNT samples did not undergo significant morphological changes in a 60-day assay using a flow-through solution containing 1 mM H 2 O 2 , iron salts, and ascorbic acid for the continuous generation of hydroxyl radicals. The goal was to determine if this medium, designed to simulate the acidic and oxidizing environment in late-stage endosomes or phagolysosomes [21] could attack carbon shells in the SWCNT sample and create defects allowing fluid access and release of Ni 2+ from the underlying metal catalyst particle. Allen et al. [22] were the first to report conditions under which SWCNT samples show biodegradation. Using an environmental model system containing 40 uM H 2 O 2 and horseradish peroxidase, Allen et al. show tube length reduction and debris accumulation after 12 weeks. The different observations in the Liu et al. study (durability) and the Allen et al. study (biodegradation), may be related to differences in nanotube samples, media, or the presence of an exogenous enzyme.
Here we systematically investigate the role of carbon nanotube surface functionalization in the biodurability of carbon nanotubes in a mild, physiologic oxidizing environment. We focus on simulating the phagolysosomal compartment which is relevant for the interaction of nanotubes with macrophages in the lung, pleura, or peritoneum [11] and examine a range of common nanotube surface functionalization methods.
Experimental

Materials
This study used a panel of commercial single-walled carbon nanotubes (SWCNTs) both asreceived and subjected to surface functionalization based on ozonolysis, aryl-sulfonation, and acid carboxylation (see Table 1 ). Ozonolysis was carried out by placing 12.6 mg of nanotubes in a quartz tube on a fritted silica filter, and introducing 1 L/min of 0.24 wt% ozone in air generated using a CD10/AD corona discharge system (Clearwater Tech. Inc.) for 20 min. Arylsulfonation was carried out using sulfanilic acid and sodium nitrite in aqueous solution at 70°C as described by Yan et al. [23] . Carboxylation was carried out by agitating ca 60 mg nanotubes in 100ml mixed acid solutions (98% H 2 SO 4 : 70% HNO 3 =3:1) for 15min, 1hr and 3hrs. An additional SWCNT-COOH sample was obtained commercially following post synthesis treatment with nitric acid (vendor-reported). As reference materials, we included 200 nm-diameter platelet-symmetry carbon nanofibers [24] , and positive and negative mineral fiber controls. As a negative control for durability we used wollastonite, a soluble calcium silicate fiber that does not induce persistent inflammation, fibrosis, or lung cancer [25, 26] . For a positive control, we used crocidolite asbestos fibers, which are highly biopersistent and induce chronic inflammation, fibrosis, lung cancer, and malignant mesothelioma in rodents and humans [11] .
Biodurability assay
Nanotubes or reference materials (2.0-2.5 mg) were placed in a 15 ml Corning graduated tube covered with alumina foil containing 8-10 ml of a phagolysosomal simulant fluid (PSF) described by Stefaniak et al. [21] , which is designed to mimic the low pH and chemical environment of phagolysosome where nanomaterials are localized intracellularly following phagocytosis. The PSF (pH 4.5) consists of Na 2 HPO 4 , NaCl, Na 2 SO 4 , CaCl 2 ·2H 2 O, glycine, potassium hydrogen phthalate buffer salts and alkylbenzyldimethylammonium chloride as an antifungal agent. To create a simulated physiological oxidizing environment, H 2 O 2 at a typical physiological concentration of 1 mM was added [14, 20] was added and the mixture subjected to mild bath sonication for 1hr followed by gentle rotation at 60 rpm in the dark for 90 days. During this incubation period, additional H 2 O 2 was added once a week in an amount equivalent to reproduce 1 mM concentration in the remaining solution (which was determined by the remaining liquid volume and that was addition of 50-100ul of 100mM peroxide solution). After different incubation times (1, 7, 30, 60, 90 days), the suspensions were sonicated and vortexed to achieve uniformity, then a 1 ml aliquot was removed and transferred to a filtration centrifuge tube (3000 NMWL Amico centrifugal filter devices, Millipore, MA) and subjected to 30-60 min of centrifugation prior to characterization.
Characterization
Morphology and tube dimensions of the filtered solids were characterized by transmission electron microscopy (Philips 420 at 120 kV) and field-emission scanning electron microscopy (LEO 1530 FE-SEM) by re-suspension in ethanol and drying, and by dynamic light scattering (Zetasizer Nano-ZS, Malvern Instruments, Inc) by re-suspension in dimethylformamide (DMF). SEM specimens were prepared by bar-coating well-dispersed SWCNTs suspensions on silicon substrates. To determine tube length distribution statistics, ca. 220-340 individual tubes were identified on TEM or SEM micrographs for each sample and measured by hand counting using the image processing program, ImageJ. The optical properties of the filtrates were also studied by fluorescence spectroscopy (QuantaMaster QM-4 Luminescence Spectrometer, Photon Technology International, Inc.).
Results
The 12 nanotube and reference fiber samples assembled for this study behaved quite differently upon long-term exposure to an oxidizing phagolysosomal simulant fluid. Crocidolite asbestos, a positive control for biodurability, showed no apparent changes after 90 days, as expected. The negative control, wollastonite, was completely dissolved at the point of first inspection (30 days), consistent with its low biopersistence reported by Warheit et al. and Macdonald et al. [25, 26] .
The carbon nanotube samples showed considerable variation depending on type and functionalization. Most nanotube samples showed little change when examined by TEM, as illustrated in Figure 1 . This unfunctionalized sample consisted of a nearly continuous network of entangled SWCNT ropes that was unaffected by 90 day mild agitation in the oxidizing, lowpH biological stimulant fluid (see Fig. 1 ). Other SWCNT samples showed subtle or modest changes in aggregation state reflecting gradual disentanglement of the ropes, especially the hydrophilic tube samples functionalized with aryl-sulfonate or ozone, but no evidence of length reduction by tube cutting. Dynamic light scattering is useful as a qualitative tool to track changes in size and aggregation state in situ -without the need for drying or substrate deposition. The annealed, low-functionalgroup nanotubes in Fig. 1 show a bimodal size distribution, which we interpret as the presence of continuous entangled rope structures (the 3-8 um large aggregate peak) coexisting with primary tubes/bundles any equi-axed particulate carbon by-products (the 50 -800 nm peak), which are free in suspension and not connected to the large entangled rope networks. For most of the nanotube samples studied, the bimodal distribution shows few or modest changes (see Fig. 1c ), whereas the carboxylated tubes show highly significant changes in the distribution of both peak heights and locations (Fig. 4) . Over time, the SWCNT-COOH large-aggregate peak loses intensity and by 90 days disappears, reflecting the near total loss of the entangled rope networks. In its place the free primary peak grows, and the peak shifts to progressively smaller sizes (Fig. 4a) . Because DLS estimates hydrodynamic size, it is sensitive to changes in aggregation, length reduction, and the breakup of the primary bundles or ropes, which reduces their apparent diameter. The migration of the peak location thus provides a crude measure of the extent of primary tube debundling in combination with shortening (Fig. 4c) , while the decrease in large-aggregate peak height provides a measure of disentanglement or large network structures (Fig. 4b) . DLS size analysis relies on spherical geometry, so cannot be used to provide the primary data on length reduction in this study. That evidence comes from electron microscopy rather (Fig. 2 and 3 ), but DLS is nevertheless useful to track the physical evolution of the samples in situ.
Carboxylation is typically carried out by treatment with oxidizing acids, HNO 3 and H 2 SO 4 , alone or in mixtures, or in combination with peroxide [27] [28] [29] . In this study, similar behavior was observed with the commercial sample (carboxylated with HNO 3 ) and samples treated inhouse with HNO 3 /H 2 SO 4 for 1 or 3 hrs (see Table 1 ).
Control experiments were carried out by incubating carboxylated SWCNTs in DI H 2 O, only PSF medium, or only 1mM H 2 O 2 with mild agitatition for 90 days. As shown in Figure 5 , there is no evident tube shortening or degradation following incubation in either water (Fig. 5a ) or PSF medium (Fig. 5b) , whereas long, entangled carboxylated tubes subjected to 90 days treatment degraded into short tubes or debris after exposure to 1mM H 2 O 2 (Fig. 5c ) or 1mM H 2 O 2 plus PSF (Fig. 5d) , suggesting that continuous exposure to an oxidizing environment is important for further attack and degradation of SWCNTs-COOH.
The large changes in morphology for the SWCNT-COOH samples were accompanied by accumulation of solid particulate debris (Fig. 6) . Note that all of the samples contain some equi-axed carbon solids, which in the fresh samples include graphenic carbon shells originally templated on catalyst particles and often found at tube tips. After 90 day exposure of the SWCNT-COOH samples, however, one sees accumulation of additional globular material that appears on tube walls and dispersed throughout the sample in dried SEM specimens as shown in Figure 6 . This debris suggests a chemical degradation process rather than a simple tube cutting and disentanglement by the mild mechanical forces generated by slow sample rotation.
To test the hypothesis of chemical degradation, we examined the UV-visible spectral characteristics of the clear filtrates following removing of the nanotubes using centrifugal ultrafiltration with a 3000 NMWL (ca 2nm) pore cellulose membrane. Figure 7 shows that the ultra-filtrates of the 90-day exposed SWCNT-COOH samples are strongly fluorescent under 365 nm illumination. Neither the simulant fluid itself, nor the ultrafiltrates from fresh nanotube suspension were fluorescent, indicating that the fine (< 2 nm) fluorescent products appear during the 90 day treatment. Figure 7 also shows the excitation and fluorescence spectra, centered at 300 nm and 405 nm, respectively. Other SWCNT types (unfunctionalized, ozone treated, and aryl-sulfonated) exposed to phagolysosomal stimulant for 90 days do not exhibit strong fluorescence in their ultrafiltrates (Fig. 7b) , indicating again that the SWCNT-COOH sample is unique in its ability to undergo chemical degradation under these conditions. We suspect that the fluorescent degradation products are primarily carbonaceous nanoparticles (< 2nm), which have been reported to exhibit fluorescence [30] [31] [32] . The excitation (250-300 nm) and fluorescence (400-450 nm) spectra are similar to those reported for graphenic material with polyaromatic substructures [33] .
Discussion
The significant finding in this study is that SWCNTs carboxylated by treatment with oxidizing acids (HNO 3 or HNO 3 /H 2 SO 4 ) degrade after 90 days in a mildly oxidizing phagolysosomal stimulant fluid, while unmodified SWCNTs and those functionalized by ozonolysis or arylsulfonation do not. The accumulation of carbonaceous debris and the appearance of < 2nm fluorescent material in the ultra-filtrates both suggest a chemical degradation process. What is unique about carboxylation that renders SWCNT-COOH unstable to further degradation in mild oxidizing physiological media? The instability of SWCNT-COOH cannot be related simply to hydrophilicity and improved fluid contact during rotation, as the aryl-sulfonation treatment produces the most hydrophilic samples, but does not cause tube shortening or degradation products.
We propose that the instability of SWCNT-COOH is related to collateral damage to the tubular graphenic backbone that is intrinsic to acid carboxylation. Figure 8 shows a selection of sidewall functional groups relevant to this study. Aryl-sulfonation is an addition reaction that forms one bond attached to a backbone carbon atom, which disrupts the pi-conjugation at that site, but still allows three bonds to neighboring atoms in the backbone. Oxidative treatments produce a variety of functional groups including epoxide, peroxide, hydroxyl, carbonyl, and carboxylate. Ozonolysis forms epoxides or ozonides, the latter typically decomposing to stable carbonyl groups [34, 35] . Epoxide, hydroxyl, and some (closed) peroxides are addition products, which like aryl-sulfonate, disrupt local pi-conjugation but allow three backbone bonds to remain. Carboxylation, however, requires formation of three bonds to the participating carbon atom, and since the reagents (HNO 3 , H 2 SO 4 , H 2 O 2 ) contain no carbon, the carbon atom must come from the nanotube itself, leaving it attached to the graphenic backbone by only one bond. (Carbonyl groups show intermediate behavior with two backbone bonds remaining.) Thus carboxylation breaks two backbone C-C bonds and leaves two active sites adjacent to the COOH (see Fig. 8 ) group, which can be the sites for further oxidative attack [36] . The ability of HNO 3 or HNO 3 /H 2 SO 4 to damage and even consume graphenic carbon is well known; H 2 O 2 or O 3 (ozone) are preferred reagents for introducing oxygen-containing functional groups on activated carbon surfaces without destruction of the graphenic structures and loss of surface area [29, 37] . Further, in the present experiments, treatment of SWCNTs at times longer than 5hr destroys the tubular graphene and converts it to flake-like or globular carbonaceous debris. Carboxylation by oxidizing acids represents the early stages of this tube destruction, and the two new active sites created for each COOH group render the material less stable to further oxidation and ultimate tube cutting in phagolysosomal simulant fluid.
There are few in vivo studies to which we can meaningfully compare the present data. Lam et al reported that SWCNTs are insoluble and non-biodegradable in mice after 90 days exposure [38] , and Yang et al found that acid washed SWCNTs are intact and stable in mice organs from TEM after 1 day post exposure [39] ." The most interesting comparison to our data is that of Allan et al. [22] . That study showed biodegradation of SWCNTs under environmental conditions containing 40 uM H 2 O 2 and the enzyme horseradish peroxidase for 12 weeks at 4°C
. For comparison, the present study used a physiological simulant of the phagolysosome, a biological compartment relevant to fiber/macrophage interactions in the lung, pleura, or peritoneum with a 25-fold higher peroxide concentration (1 mM), higher temperature (20 °C), lower pH (4.5), mild agitation, the absence of an enzyme, and a different salt composition (KHP vs. phosphate buffer). An important aspect of the comparison is that both studies report degradation of carboxylated nanotubes. The oxidizing acid mixture used to purify the tubes in the Allen et al. study (H 2 SO 4 /H 2 O 2 ) is known to impart carboxylate groups, as pointed out by the original authors [22] . That sample is most closely comparable to the HNO 3 or H 2 SO 4 / HNO 3 SWCNTs used in the present study, which all show degradation. Allen et al. report no degradation of SWCNT-COOH in the absence of the enzyme, which might be seen as inconsistent with the present study, however, the non-enzymatic conditions used here are harsher in many respects (pH, peroxide concentration, temperature, time). Overall, both studies are consistent, in that they both show chemical degradation of SWCNT-COOH in mild oxidizing media, the contribution of the present paper being the finding that this behavior is unique to the carboxylated sample and not a general property of SWCNTs, at least in the absence of enzyme.
Returning to the asbestos analogy [40] , it is known that mineral fibers can be altered by chemical leaching, dissolution, transverse breakage, or longitudinal splitting in the lungs [16] . Chemically-leached or corroded mineral fibers are broken into shorter fibers that are more readily phagocytized and cleared by macrophages [11] . Carboxylated single-walled carbon nanotubes in this simulated phagolysosomal assay showed both longitudinal splitting or debundling as well as oxidative degradation of the side walls producing ultrafine carbonaceous particles. We therefore anticipate by analogy that these oxidatively-degraded carbon nanotubes may be more readily cleared from the lungs and induce less toxicity than native or other types of surface-functionalized single-walled carbon nanotubes. These results provide proof-ofprinciple for intelligent design of functionalized carbon nanotubes for selective drug targeting and drug delivery [41, 42] with decreased biopersistence and minimal potential for long-term adverse health effects. The results also opens the possibility to engineer SWCNTs as biomedical implant components [43] that stimulate or guide growth of tissue (e.g. nerve, muscle) and then undergo programmed degradation to prevent chronic pathologic reactions triggered by the foreign implant. For other applications where uniform dispersion and high stability in aqueous phases are desired, acid carboxylation is not a desirable functionalization scheme and aryl-sulfonation or other addition chemistries involving hydrophilic terminal groups are preferred. Degradation and morphological instability of SWCNT-COOH upon 90 day exposure to oxidative phagolysosomal simulant. Typical TEM images before exposure (a), after 1 day (b), 7 day (c), 30 day (d), 60 day (e) and 90 day exposure (f). After 90 days the loss of the entangled rope structure and the presence of free tubes along with carbon nanoparticle debris are clearly seen. Hydrodynamic size distributions by dynamic light scattering (a) show the progressive loss of the large aggregate peak and the growth of the primary tube peak over the course of 90 days. (b) quantifies the disappearance of the large aggregate peak which primarily reflects disaggregation of the rope networks, (c) quantifies the shift in the primary tube peak reflecting tube shortening by chemical degradation and debundling as well. SEM image showing equi-axed debris or "dots" (see arrows) on silicon substrate after 90 day exposure of carboxylated SWCNTs. The dots, which are believed to carbonaceous debris, can also be seen by close inspection of TEM images. Various functional groups relevant to the durability assay in this study. All groups disrupt local pi-conjugation, but carboxylation is unique in its collateral damage to the CNT backbone by creation of two active sites that provide attack points for further oxidative degradation leading to tube shortening and disentanglement.
